ABSTRACT: The static properties of foams scale with relative density and scaling can be obtained through various static tests. The same scaling appears to be valid for both crack propagation rates and fatigue properties of the foams. This implies that, once the fatigue behavior of one relative density foam is established, one can predict the fatigue behavior of all other density foams within the same class of materials. This study deals with fatigue of closed cell foams. The main idea is to use a few simple tests to predict tension-tension fatigue properties of foams. The required testing consists of crack propagation rate measurements and one tension-tension fatigue test performed at the yield stress of the foam. This data can then be combined to construct a synthetic S-N curve for the foam. Testing is performed on three densities of Divinycell H-grade and three densities of Rohacell WF-grade foam. A very simple fatigue model, based on an initial flaw approach, is used to link the crack propagation rate behavior of these foams with their unnotched fatigue life. This approach is backed up by the experimental results. The results obtained can be used to form some general conclusions about the fatigue of closed cell foams, at least of the types used herein.
INTRODUCTION R
IGID CELLULAR FOAMS are extensively used as a structural core in load carrying sandwich structures. The usage stretches over applications in aerospace, automotive, marine, transportation, and infrastructure. There are numerous examples of applications and a few noteworthy ones are, for example, the new Swedish Navy Corvette Visby, wind-mill blades, and novel train car structures. In all of these and most other foam core sandwich applications, the core is typically a closed cell polymer foam, designed to carry a substantial part of the load. More focus has recently been on the core material due to increased demands for using the material properties and models in the design of sandwich structures. Fracture and fatigue of load carrying foam cores still remain unknown to a large extent. The reason for this is the inherent structure of foams, being constituted of a complicated three-dimensional (3D) network of thin membranes (cell walls) enclosing each cell. At the intersection of cell walls, the edges with concentrated mass build up rods or beams. A foam is not just a material, but also a microstructure -a homogeneous continuum or a heterogeneous cell structure, depending on the scale of interest. The macroscopic properties of this structure (material) depend not only on the properties of the material that these walls and edges are made of but also on the microstructure. One important property is, of course, the relative density "
, defined as the ratio of the density of the foam to the density of the solid material s . The structure of the cell also strongly affects the macroscopic properties of the foam. Another important parameter is the distribution of the solid materials that build up the cell walls and edges, respectively.
In the well-known textbook by Gibson and Ashby [1] , the cellular foams (3D cellular structure materials) are modeled using a simplified geometrical model. A variety of properties are then predicted using the relative density, the properties of the solid cell edge/face material, and the cell structure. Rather straightforward kinematic relations are used and very useful and simple formulae for the design are derived. In essence, most properties of foams can be written as
where "
x is a mechanical property of the foam normalized with its value for the fully dense material (bulk property) that the cell edges and faces are made of; in the case of polymer foams this is the solid polymer material property.
In the derivation of foam properties, a distinction must be made between open and closed cell foams. The open cell foams are made up of small beams or struts (edges) connected to each other. The closed cell foams, on the other hand, are made of a number of plate-like membranes (faces) connected at their edges forming closed cells. The deformation mechanism in open cell foams is bending of the edges, while the dominating deformation mechanism in closed cell foams is cell face stretching. Gibson and Ashby [1] showed that the Young's modulus varies with scale with the square of the relative density for open cell foams and varies linearly for closed cell foams. Similar relations are also derived for strength, giving a relative density scaling varying between n ¼ 1 and n ¼ 2. Another issue is that the variation in relative density between the material in edges and that in walls is usually unknown and hard to measure, so any clear distinction is uncertain.
One important issue to discuss here is that the models for fracture toughness of foams, as given in [1] assumes that cracks in foams grow stepwise i.e., one cell at a time. This implies that the relations found for the fracture toughness are a function of the cell size of the foam.
Here, it is assumed that the mechanical properties of the foam can be described by means of Equation (1), where the exponent n is found from fitting experimental data. However, this exponent must have a value 1 n 2.
Very little has been reported on fatigue of foams. Some early work was performed by Burman et al. [2] [3] [4] on the fatigue of foam core sandwich beams. The fatigue testing in that case was set up so that the foam failed in fatigue and the loading of the foam was carried out primarily in shear. The findings of these studies were that the loading ratio has a large influence on fatigue life and also that fatigue crack nucleation appears over large volumes in the test specimen before any macroscopic cracks are formed. Similar types of tests have also been performed by others (e.g., Shenoi et al. [5] , Buene et al. [6] , and Kanny and Mahfuz [7] ). Kanny et al. [8] performed fatigue tests of PVC foams in three-point bending and concluded that the fatigue strength increases with relative density. In a subsequent investigation, Kulkarni et al. [9] used sandwich beams in three-point bending and also tried to follow the crack propagation rate in the core once a macroscopic crack had formed. However, the measurement of crack propagation rates was not pursued. McCullough et al. [10] tested the aluminum foams in both tension-tension and compression-compression fatigue. They measured the properties of these foams with a power law relation of the type given in Equation (1) with an exponent equal to 1.5. Although the results are not given in terms of a Basquins' law, it is found that the slope of the S-N curve is considerably lower in the compressioncompression fatigue case. It was also found that high density and low density foams have very similar S-N curves, though with different amplitudes. They also argue that the fatigue degradation mechanism is not due to the cracking events in the foam but rather due to a progressive accumulation of strain by material ratchetting analogous to creep. Once the accumulated strain equals the monotonic yield strain, the rate of accumulation increases at least by one order of magnitude. This leads to the formation of a complete crush band in compression or a rupture band in tension. This is also supported by the fact that the fatigue life is found to be notch insensitive for the metal foams used in their work. Harte et al. [11] performed fatigue testing of an open and a closed cell aluminum foam. One main outcome of this research is that the fatigue limit of foams appears to be the same for foams of all densities in terms of the ratio of maximum stress in the load cycle to the plastic (yield) stress or the peak tensile stress.
The endurance limit in tension is found to be the same for both open and closed cell foams and approximately equal to the endurance limit of fully dense aluminum. Olurin et al. [12] performed crack propagation measurement on two closed cell aluminum foams. There are two main conclusions from this work; the first being that the exponent in Paris law is extremely high, in the order of 20-25, and second that the crack propagation mechanism appears to be the degradation of crack bridging of cell edges behind the crack tip. In short, cell walls fail first leaving individual edges bridging the crack flanks. Shipsha et al. [13, 14] used both compact tension (CT) and cracked sandwich beam specimens to measure the crack propagation rates in foams and found high crack propagation rates for polymer foams. They also found that the crack propagation rates were reduced when the cracks in the foams were forced to grow along an interface in Mode II. Huang and Lin [15] analyzed crack propagation data of various density phenolic foams reported in [1] and were able to normalize the Paris law data to one single generic relation for all density phenolic foams. Of all these reports on fatigue and crack propagation, Huang and Lin [15] presented only the framework for linking such data. A similar framework but one that is conceptually different and which is not based on micromechanics is presented in this work.
MATERIALS
Two high performance, rigid polymer foams with closed cell structures were used in this study (Divinycell H-grade and Rohacell WF-grade). Micrographs of the cell structure for these foams are shown in Figure 1 .
Divinycell is a cross-linked rigid cellular PVC foam and it is produced in a variety of densities, where the mechanical properties (higher strength and moduli) increase with the increase in density. Divinycell qualities used in this survey were H60, H100, and H200, where H stands for the grade and the number corresponds to the nominal density in kg/m 3 . (Further details on this material can be found in [16] .) A solid density of the cell wall/edge material of 1250 kg/m 3 is used here. The other material used in this study is Rohacell, a PMI foam with predominantly closed cells, which is more brittle than PVC foam. The qualities used herein were WF51, WF110, and WF200, where WF is the particular grade of Rohacell and the number corresponds to the nominal density in kg/m 3 . The solid material density is approximately 1200 kg/m 3 . (Further details on this material can be found in [17] .)
The reason for choosing these two materials is that one exhibits a fairly brittle behavior (Rohacell) in the context of foams and the other (Divinycell) has a more ductile behavior (higher strain to failure, a more pronounced plastic regime). Both materials are close to being isotropic, with only small variations in moduli and strengths in the in-plane and out-of-plane directions. As seen from Figure 1 , both foams have a similar microstructure. There is a portion of material concentration at the edges i.e., the junctions where the cell walls meet. It can be assumed then that these materials should have properties somewhere in between what could be expected for perfectly open or closed foams. By fitting the handbook data for the materials [16, 17] (elastic modulus, ultimate tensile and compressive strength, shear strength, and fracture toughness), the slope n in Equation (1) varies between 1.1 and 1.2 for all static mechanical properties. The data produced from these sources are based on various testing methods.
STATIC PROPERTIES
The static tests of foams were preformed using the same test set up as in the tension-tension fatigue testing, which is described as follows. Figure 2 (a) shows the tensile stress-strain curves for all the materials. From the tensile testing, a value of n ¼ 1.1 gives a good curve fit to all tensile properties for both materials. Then, taking the stress-strain relations for the materials as obtained in Figure 2 (a), the same curves are plotted again in Figure 2 (b), where the stress is normalized with the relative ratio so that " ¼ = " n , using n ¼ 1.1. As seen in Figure 2 (b), three stress-strain responses for three different relative densities collide into a single curve.
From this testing, all the necessary material characteristics used in this investigation can be extracted, including the Young's modulus E, and the yield stress, defined here as the stress at 0.2% offset strain, 0.2 . The yield stress is used as a governing tensile parameter for fatigue testing, the reason being two-fold: first, the yield strength ought to be the primary design allowable using these materials, as it is with other types of materials exhibiting some degree of ductility, like metals. This is not always the case in the sandwich structure design community and the common practice is rather to use the ultimate strength as the design allowable. However, this practice appears to have been criticized lately. The second reason is that a yield strength defined on the basis of an offset strength is clear and straightforward to define and exhibits low scatter in testing. The material data for the materials considered are given in Table 1 . Fracture toughness tests were carried out using a standard cracked four-point bending specimen (see e.g., [18] ) with a total length of 200 mm, a height of 50 or 60 mm, and a thickness of 25-30 mm, with a crack length equal to half of the specimen height. The initial crack was created using a band saw and the last 2 mm of the crack (the tip) was formed by cutting with a razor blade. The testing was performed using a standard universal testing machine under quasi-static conditions (prescribed displacement rate of 1 mm/min) and the value of K 1c was extracted using the load at the onset of crack propagation, which, in all cases, appeared to be unstable. The values of the fracture toughness are also included in Table 1 and they also seem to scale well with the relative density to the power or 1.1.
CRACK PROPAGATION RATE TESTING
In [13] the crack propagation tests of Divinycell H100 and Rohacell WF51 were performed using a CT specimen [18] , as illustrated in Figure 3 . The dimensions were scaled up considerably compared to a standard metallic specimen using a characteristic length W ¼ 225 mm. The same specimen type was again used to extract crack propagation data for the other qualities studied here. The test is thus performed to obtain crack propagation data in the plane of the material block. The specimens were tested using a sinusoidal load in load control at 2 Hz at a load ratio R ¼ 0.1. The crack length was monitored using a traveling microscope and measured on one surface only. Tests were carried out by injecting paint into the crack front, then propagating the crack to some distance (several millimetres) and cracking the specimen open. It was found that the crack remains straight through the thickness of the specimen and thus one-sided measurements should be ample. Several crack length readings were taken on each specimen and the load was shed (decreasing the load) in order to vary the stress intensity range, while keeping the stress ratio constant.
The crack propagation measurements were fitted using Paris law
where da/dN is the crack propagation rate measured in mm/cycle, ÁK I is the stress intensity range, m is the slope of the relation in a log-log scale, and C is a constant. (For details on the data reduction, see [13] .) The Paris law curves for the three densities of Divinycell and Rohacell are shown in Figure 4 . The slope has been found by combining all the results from one group of materials (H-grade or WF-grade) and finding a common slope for all densities using a standard linear curve fit. Curve fits to the individual data sets result in almost the same slope, but with some small variation. In this process, one obtains the Paris law constants C presented in Table 1 .
There are a few important conclusions from these test results; the crack growth rates are very high, m ¼ 6 for Divinycell H and m ¼ 13 for Rohacell WF. Actually, very high Paris law exponents were reported on aluminum foams [12] , as high as up to m ¼ 25, although the base material of the foam was aluminum, which in its bulk form has a Paris law exponent in the order of 2-4. It can further be concluded that the slope m in the Paris law data appears to be the same for each material grade, irrespective of the density, of course within some experimental scatter. For practical purposes, the cracks grow very fast and the stress intensity range of stable crack growth is thus narrow.
Upon noting that the stress intensity is proportional to the applied stress (or load) and that, in fact, the strength and fracture toughness scales with the relative density to the same power (1.1 in this case), it can be assumed Fatigue of Closed Cell Foams that the crack growth rate scales the same way (being proportional to the stress intensity). This type of scaling with relative density was first done by Huang and Lin [15] for phenolic foams of varying densities. By taking the data in Figure 4 one can normalize ÁK with the relative density using ÁK= " n and, if this is done, all the Paris law curves collide into one single relation, as shown in Figure 5 .
As seen in Figure 5 , the Paris law relation also appears to be generic for a class of foams. There is a little mismatch in the data for WF110, where the Paris law constant C appears to be higher than expected. The reason for this is unresolved. In short, this implies that once the property-relative density relation is known, only one test should be sufficient to determine the properties for all densities of the same material. To create one master curve for all da/dN data the slope in Figure 5 and the corresponding number for C in the normalized graph can be taken. Normalizing Equation (2) yields This can then be extracted for all the relative densities and used for predictions. In the Rohacell case, this approach may be a little dubious due to the high value of m since a small change in relative density implies a large change in Paris law constant C. In any case, the density normalized value of " C ¼ C " nÂm is also given in Table 1 and is, as seen, a fairly similar value for the different densities of the foam grade.
TENSION-TENSION FATIGUE TESTING
The fatigue test procedure used an axisymmetric dog bone specimen, described in ASTM D1623-78 'Tensile and tensile adhesion properties of rigid cellular plastics' [19] . The specimens were cut from blocks of foam core, bonded between two aluminum cylinders and a waist was milled to the correct shape and size in a lathe. Thus, this testing is done in the thickness direction of the foam material block. The test rig with a specimen is shown in Figure 6 .
Static tests were performed in tension under a constant deformation rate of 2 mm/min at room temperature using the same specimen type. The fatigue tests were performed under a load controlled sinusoidal cycle using a servo hydraulic testing machine. The load ratio used was in all cases R ¼ 0.1, R ¼ min / max and a testing frequency of 5 Hz was used. The fatigue life of the specimens is characterized as the number of cycles to ultimate failure.
There were no visual signs of damage in the specimens prior to failure, which occurred abruptly. Monitoring the stiffness of the specimens throughout the testing exhibited no measurable changes in stiffness up until the final load cycles prior to complete rupture.
STRESS-LIFE AND PARIS LAW CORRELATION
Huang and Lin [15] analyzed crack propagation data of phenolic foams of various densities, reported in [1] . Their modeling of crack growth rates is based on the assumption that incremental crack growth is governed by the rupture of individual cells, implying that the models include the characteristic length scale of the cell size. For doing this, they used a Basquin's law type S-N relation for the solid material in the cell edges and through a dimensional analysis based on the open cell models in [1] , derived an expression for the Paris law relation. This relation implies that the relative density scaling, based on open cell foams, must be 1.5. In realizing this, Huang and Lin were able to normalize the Paris law data to one single generic relation for all density phenolic foams. However, the parameters in the derived Paris law expression remains unknown.
The model for fracture toughness of open cell foams given in [1] , which is used in [15] involves a length scale implying that the fracture toughness should scale with the square root of the cell size. The same scaling appears if one uses a similar model for closed cell foams. This effect does not exist in the tested material. The argument behind this statement stems from the testing of Divinycell H60 with different cell sizes. The materials tested had the same density and were made from the same solid material, but, the cell size varied by more than one order of magnitude (from $ 0.2 to 4 mm in cell diameter). All these materials had the same tensile characteristics (modulus, strength, etc.) and also the same Mode I fracture toughness.
Here, it is assumed that the crack growth in the closed cell polymer foam is continuous, as in a continuum. The approach to find a link between the stress-life or often called S-N curve and the crack growth measurements is then similar to that of homogeneous materials. The approach is thus the opposite to that used by Huang and Lin [15] . The fatigue life is assumed to be a crack growth test from some initial flaw size a 0 to a final crack size a f . The initial flaw size is then considered to be some typical defect present in the volume of the material. The final crack size a f is simply some defect size in the test specimen that fractures the specimen in one single load cycle and is thus linked to the fracture toughness of the material. Starting from Paris law we have
with experimentally known coefficients and where f is a function that depends on the geometry of the specimen, the crack shape, and crack length. By integrating Equation (4) the number of cycles required to propagate a crack of some initial length a 0 , usually denoted the initial flaw size, to a critical length a f , that creates complete rupture of the specimen can be obtained. The critical length is simply given by some length that leads to static failure at peak load during a fatigue cycle. This is given by
If a circular crack is assumed with radius a in a finite size cylinder of radius R, as illustrated in Figure 7 , the finite width correction factor, [18] 
Fatigue of Closed Cell Foams
This finite width correction factor is seen to be close to its asymptotic value 2/ for ratios of the crack radius to specimen radius up to almost 0.3 (then f ¼ 1.011Â2/). If the initial flaw size is small compared to the critical size, most of the fatigue life will be governed by the growth of a small crack. This in turn means that the finite width correction factor remains approximately constant for most of the load cycles and crack growth. Thus, f is treated as being a constant and for simplicity it is assumed to be unity, i.e., f ¼ 1. Another implication of this is that one can assume the stable growth of cracks in the specimen almost until the complete rupture of the specimen.
Anyhow, assuming these conditions to be approximately satisfied, the number of cycles to failure can be obtained by integration of Equation (4) .
The number of load cycles to failure, N f , is then given by
∆σ Figure 7 . Schematic of cylindrical specimen with internal circular crack.
First, for simplicity, it can be assumed that the critical crack size is much larger than the initial one, so that the fatigue life of a small specimen is the same as for a large one. The reason being that the exponent in Paris law is quite high. If so, the number of cycles to failure is
This can now be rewritten to a Basquin's law type equation as
where 0,max is the maximum stress in the load cycle. The slope of this curve is À1/m and is thus linked to the slope of the Paris law curve. This equation has limited validity, i.e., from high-cycle fatigue, described by Basquin's law, to low-cycle fatigue when the maximum applied stress exceeds the yield strength, here defined as 0.2 . This occurs when
Now some problems since both N f,limit and a 0 are unknown. The way to proceed is to perform at least one tension-tension fatigue test at which Á 0,max ¼ 0.2 to get an estimate for N f, limit . Once this number is established, the initial flaw size can be calculated. This is done by converting Equation (12) to
The initial flaw size can be obtained by knowing the Paris law constant C, the Paris law exponent m and one point on the S-N curve. From this, a synthetic S-N curve can be constructed based on a value of a 0 . This S-N curve is then valid for cycle numbers in the high-cycle fatigue regime, i.e., down to N f,limit .
RESULTS AND DISCUSSION
The results from the tension-tension fatigue testing of Divinycell H60, H100, and H200 are presented in Figure 8 in double logarithmic scale as stress versus number of cycles to failure. The horizontal line corresponds to the yield stress ( 0.2 ) of the material. In order to get the synthetic S-N curve for the material, the following data have been used; first, the number of cycles to failure for the specimens tested at a maximum stress max ¼ 0.2 have been used to find the number of cycles to failure at nominal yield stress. This can then be used via Equation (13) to find a value for the initial flaw size a 0 . For Divinycell, the number of cycles to failure at yield stress is approximately 10,000, as seen from Figure 8 (a), but this is the lower limit. This gives an initial flaw size in the order of 0.18-0.22 mm, assuming the correction factor f ¼ 1, by using Equation (13) . For Rohacell the corresponding transition from low-cycle to high-cycle fatigue is 100 cycles as a conservative estimate and this gives an initial flaw size of approximately 0.3 mm. The calculated values of a 0 using Equation (13) are given in Table 1 .
Several conclusions can be drawn for the obtained results; the slope of the S-N curves for each material within a group appears to be almost the same, although there is an experimental scatter. This slope is equal to the slope of the synthetic S-N curve being the inverse of the Paris law exponent. Furthermore, at a cyclic stress maximum equal to the yield stress of the material, the slope changes and the experimental scatter increases.
The (yield) strength and the fracture toughness scale with relative density to the power of 1.1. Normalized S-N curves are shown in Figure 9 . The relative density normalized S-N curves appear to collapse into one single master curve. So what is really the initial flaw size? Does it exist or is it a superficial parameter? One thing that is experimentally observed in the crack propagation tests (CT-specimens) is that individual cell walls, even at some distance ahead of the crack tip, ruptures while the cell edges remain intact. One such case is shown in Figure 10 .
Although it is very hard to find any evidence of the process of fatigue crack nucleation and propagation in the unnotched specimen, one can at least hypothesize around it. Going back to the models by Ashby and Gibson [1] , the main hypothesis of deformation in foams is that the cell edges bend and the cell walls stretch. If that is the case then the local cell wall strain will be in the same order of magnitude as the global strain (will vary due to cell wall orientation to the loading direction). If cell edges bend then the bending strain in these edges will be smaller (actually proportional to the square root of the remote strain times, the ratio of the cell edge thickness, and its length). If this is the mode of deformation, then one can assume that the cell walls will rupture before the edges, creating an initial flaw with a size in the order of the cell size. This will most probably happen in many places in a volume of the foam and the process may very well be similar to what has been noticed in fatigue of sandwich beams with foam cores [3] where it was found that microcracks in the foam nucleate in a zone of maximum stress. 
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These microcracks then grow together to form a macroscopic crack.
Once this large crack has formed, it will then grow very fast and cause the test specimen to undergo complete fracture within very few load cycles. These observations can further be related with that of aluminum foams [10] as discussed previously. In the testing performed, an accumulated (creep) strain as a function of the number of load cycles has been found as shown in Figure 11 . As can be seen from Figure 11 , there exists a small accumulated (creep) strain in the specimens run at high load level, with a small number of cycles to failure. In the specimens tested at low load level there is no Figure 11 . Accumulated strain in tension-tension fatigue of Divinycell H100 for specimens at two load levels; large and small number of cycles to failure.
evident creep present. For the Rohacell specimens the situation is similar. The highest creep strain found was smaller than 10% of the maximum applied strain. There is no evident knee in the strain-time plots as found in [10] for the entire life with the exception of the last few load cycles prior to complete failure. The small accumulated strain could partially be due to creep and partly due to cell wall cracking. By plotting the strain range in the load cycle (difference between maximum and minimum displacement in one cycle) as a function of time reveals very little change in the stiffness of the specimen, apart from the last few load cycles. It is thus hard to draw any firm conclusions on the actual fatigue degradation process, be it accumulated local plastic strains in the cell walls and/or edges, or the formation of microcracks in the cell walls that nucleate and slowly grow together. The latter seems more plausible from the observations made.
Another point of discussion is the results themselves and in the comparison between the two materials, one being brittle (Rohacell) and more ductile (Divinycell) . If one goes back to the results presented above it is seen that the yield stress (here defined as 0.2 ) is different in comparison to the ultimate strength; approximately 0.7 ult and 0.9 ult for Divinycell and Rohacell, respectively. This, in itself, may have some implications on the usage of these materials in the design process. Although these materials have quite different fatigue lives at yield stress (10 4 for Divinycell and 10 2 for Rohacell) one may actually also compare the fatigue lives at lower stress. Recall the difference in the slope of the S-N curve, which stems from the Paris law exponent. This implies that at lower cyclic loads the situation changes. If one goes back to the cylindrical specimen with an internal circular crack depicted in Figure 7 the fatigue life at various stress levels can be predicted. If, for example, the maximum stress in the load cycle is taken to be 0.2 /2 one finds that the fatigue life of Divinycell is $10 6 cycles, whereas for Rohacell it is closer to 5Â10 6 , i.e., a longer life. This is due to the lower slope of the S-N curve for the more brittle material. Recall also that a stress level 0.2 /2 is equivalent to $0.35 ult for Divinycell and 0.5 ult for Rohacell, i.e., a relatively higher stress compared to the static ultimate.
Another issue for discussion is the fatigue crack growth rates in general. The Paris law exponents are considerably higher than for most homogeneous materials, despite the fact that some foams appear to behave like fairly ductile materials on a macroscopic scale. However, any kind of imperfections in the material in terms of stress risers, cracks, notches, etc., could potentially have a severe effect on the fatigue performance since if damage increases, it will increase very rapidly.
As seen from the results, crack growth rates have been measured down to 10 À6 mm/cycle without any indications of a fatigue threshold.
Assuming such low rates to be present in the material implies that these foams exhibit fatigue degradation (stable crack growth) in the order of 10 7 load cycles, at least. Any fatigue endurance limit, if it exists, will then be above this value, being practically very hard to find.
CONCLUSIONS AND FUTURE WORK
The main aim of this investigation was to use Paris law data to predict the fatigue life of foams under tension loading. Paris law data for the foams were used together with one tension-tension fatigue test to predict the S-N curve for the foam. The correlation between this prediction and experimentally obtained fatigue data is quite satisfactory. It is further seen that the static properties of a certain class of foams can be normalized with the relative density and a unique, density-independent property can be obtained. The same normalization can also be performed on Paris law relations and fatigue data. The conclusion is that the fatigue life in tension for one class of foams appears to be predictable using one (or perhaps a few) tension-tension fatigue tests at, for example, yield stress together with crack propagation data. These tests are both fairly fast and cheap to perform. Fatigue data can then be predicted for other densities using relative density normalization.
The long-term aim of this project is to be able to predict the fatigue life of foams, under general loading conditions, without the need for extensive testing. This could particularly be important in the design process of foam core sandwich structures. Also, gaining certainty into issues like fatigue, safety factors could potentially be decreased thus saving structural weight.
